Cell-based assays for CDK8/19 inhibition are not easily defined, since there are no known cellular functions unique to these kinases. To solve this problem, we generated derivatives of 293 cells with CRISPR knockout of one or both of CDK8 and CDK19. Double knockout (dKO) of CDK8 and CDK19 together (but not individually) decreased the induction of transcription by NFκB (a CDK8/19-potentiated transcription factor) and abrogated the effect of CDK8/19 inhibitors on such induction. We generated wild type (WT) and dKO cell lines expressing luciferase from an NFκB-dependent promoter. Inhibitors selective for CDK8/19 over other CDKs decreased TNFα-induced luciferase expression in WT cells bỹ 80% with no effect on luciferase induction in dKO cells. In contrast, non-selective CDK inhibitors flavopiridol and dinaciclib and a CDK7/12/13 inhibitor THZ1 (but not CDK4/6 inhibitor palbociclib) suppressed luciferase induction in both WT and dKO cells, indicating a distinct role for other CDKs in the NFκB pathway. We used this assay to characterize a series of thienopyridines with in vitro bone anabolic activity, one of which was identified as a selective CDK8/19 inhibitor. Thienopyridines inhibited luciferase induction in the WT but not dKO cells and their IC 50 values in the WT reporter assay showed near-perfect correlation (R 2 = 0.98) with their reported activities in a bone anabolic activity assay, confirming that the latter function is mediated by CDK8/19 and validating our assay as a robust and quantitative method for CDK8/19 inhibition.
Introduction
Small-molecule inhibitors of the Mediator kinase CDK8 and its paralog CDK19 are being actively developed by different groups for therapeutic applications in various cancers and other chronic diseases [1] . The first CDK8/19 inhibitor has entered clinical trials in estrogen receptor-positive breast cancer (ClinicalTrials.gov Identifier: NCT03065010) and another inhibitor in acute myeloid leukemia (ClinicalTrials.gov Identifier: NCT04021368). Evaluation and optimization of such inhibitors requires quantitative, robust and selective cell-based assays for CDK8/19 inhibition. The development of such assays is complicated, however, by the lack of known cellular functions that are unique to CDK8/19. In particular, there are no known protein substrates that would be phosphorylated exclusively by CDK8/19 [2] . The most widely used phosphorylation substrate to assay CDK8/19 kinase activity is a transcription factor STAT1. CDK8/19 are indeed primarily responsible for INFγ-induced STAT1 phosphorylation at S727 [3] , whereas basal STAT1 S727 phosphorylation is exerted not only by CDK8/19 but also by other kinases ( [4] and our unpublished data). While quantitation of STAT1 S727 phosphorylation in INFγ-treated cells offers a suitable assay for CDK8/19 inhibition, II (Becton-Dickinson). Single cell clones were expanded and evaluated for gene-specific knockout through both genomic DNA PCR/sequencing and western blot analysis to identify the CDK8-KO and CDK19-KO single-knockout 293 derivatives. The CDK8/19 double-knockout (dKO) derivative was established using the same protocol with CDK8-specifc PX461 constructs and CDK19-KO cells.
Western Blot Analysis of 293-CDK8/19 Knockout Derivatives
Cells were plated in 60 mm plates at a density of 1 × 10 6 cells per plate in regular culture media and cultured for 24 h. Then cells were treated with 1 µM senexin B or solvent control (0.1% DMSO, MilliporeSigma, St. Louis, MO, USA) for 3 h before lysing cells in 0.5 mL RIPA (radio immunoprecipitation assay) lysis buffer with 1× protease inhibitor cocktail. The protein concentration of extracts was determined using the DC (detergent-compatible) protein assay (Bio-Rad Laboratories). Protein (50 µg) was resolved on 4-12% Express-Plus polyacrylamide gels in Tris-MOPS (SDS) running buffer (GenScript, Piscataway, NJ, USA), transferred to the PVDF (polyvinylidene difluoride) membrane, blocked with 5% non-fat milk and incubated with primary antibodies: CDK8 (sc-1521, Santa Cruz Biotechnology, Dallas, TX, USA), CDK19 (HPA007053, MilliporeSigma) and GAPDH (sc-32233, Santa Cruz Biotechnology) followed by either anti-goat (sc-2020, Santa Cruz Biotechnology), anti-rabbit (NA934, GE Healthcare, Chicago, IL, USA) or anti-mouse (NXA931, GE Healthcare) secondary antibodies. Bands were visualized with Western Lighting Plus ECL (enhanced chemiluminescence) detection reagent (Perkin Elmer, Waltham, MA, USA) using ChemiDoc Touch™ (Bio-Rad Laboratories, Hercules, CA, USA). Images were analyzed using ImageLab software (Bio-Rad, Version 5.2.1 build 11).
QPCR Analysis of 293-CDK8/19 Knockout Derivatives
Cells were seeded in 12-well plates at density of 3 × 10 5 cells per well in regular culture media 24 h before treatment. Cells were first pre-treated with 1 µM senexin B or solvent control DMSO (0.1%) for 1 h and then treated with or without 10 ng/mL TNF-α for 2 h. Total RNA was extracted using RNAeasy Mini Kit (Qiagen, Germantown, MD, USA) and 1 µg of total RNA was used to generate cDNA using iScript cDNA synthesis kit (Bio-Rad). Gene expression was quantified using iTaq Universal SYBR green super mix on the CFX384 Real time system (Bio-Rad). The primers used for real-time PCR were: CXCL1-F, GAAAGCTTGCCTCAATCCTG; CXCL1-R, AACAGCCACCAGTGAGCTTC; IL8-F, TCCTGATTTCTGCAGCTCTGT; IL8-R, AAATTTGGGGTGGAAAGGTT; RPL13A-F, GGCCCAGCAGTACCTGTTTA and RPL13A-R, AGATGGCGGAGGTGCAG.
Generation of NFκB-Dependent Reporter Cell Lines in WT and CDK8/19 dKO 293 Cells
The lentiviral construct pHAGE-NFkB-TA-LUC-UBC-dTomato was generated by Darrell Kotton [19] (Addgene plasmid # 49335; http://n2t.net/addgene:49335; RRID: Addgene_49335) and used for virus production as described previously [8] . Parental WT 293 cells or CDK8/19 dKO 293 cells were transduced with the lentivirus and dTomato-positive cells were sorted out using FACS Aria III. Single-cell clones were expanded and tested for luciferase reporter activities under TNFα-and/or senexin B-treated and untreated conditions with Bright-Glo Luciferase Assay System (Promega, Madison, WI, USA). The clones with robust TNFα-induced reporter activity (293-WT-NFKB-LUC#8 and 293-dKO-NFKB-LUC#2) were used in subsequent NFκB-dependent cell-based assays.
NFκB-Dependent Cell-Based Assays
The assay was performed in white-bottom 96-well plates with 293-WT-NFKB-LUC#8 and 293-dKO-NFKB-LUC#2 cells. On day 1, cells were seeded in polyethyleneimine-coated 96-well plates at the density of 5 × 10 4 cells per well. On day 2, cells were treated with 10 ng/mL recombinant human TNF-α (Z00404-50, GenScript, Piscataway, NJ, USA) plus serial dilutions of tested inhibitors ranging from 0.3 nM to 10 µM concentrations for 3 h before adding 4 µL luciferin solution (15 mg/mL potassium luciferin in PBS, Cat# LUCK-2G, GoldBio, St Louis, MO, USA) to measure luciferase activity. Chemiluminescence intensity of each well was measured with ChemiDoc Touch™ (Bio-Rad) and quantified using ImageLab software (Bio-Rad). The raw data were then further processed with GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA) for curve-fitting and IC 50 calculation. Among the inhibitors used for testing, senexin B was obtained from Senex Biotechnology; didehydro-cortistatin A (dCA) was a gift from Dr. Phil S. Baran (Scripps Research Institute); tosyl-L-phenylalanyl-chloromethane ketone (TPCK) and flavopiridol were obtained from Santa Cruz (sc-201297 and sc-202157); dinaciclib was from APExBio (Houston, TX, USA), THZ1 from MedChemExpress (Monmouth Junction, NJ, USA), bortezomib from MilliporeSigma and palbociclib from Selleck Chemicals (Houston, TX, USA) and thienopyridine derivatives (15u, 15n, 15q, 15u, 15v and 15w) were synthesized for Senex by Asinex (Moscow, Russia).
Results

Generation of CDK8/19 Single-and Double-Knockout Derivatives and Evaluation of Effects of Target Knockout on NFκB Induction of Cytokine Genes
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Results
Generation of CDK8/19 Single-and Double-Knockout Derivatives and Evaluation of Effects of Target Knockout on NFκB Induction of Cytokine Genes
To analyze different biological functions of CDK8 and CDK19, CRISPR technology was applied to generate CDK8 or CDK19 single knockout (8KO and 19KO, respectively) and CDK8/19 double knockout (dKO) derivatives of 293 cells ( Figure 1A ). 8KO and 19KO cells proliferated nearly as fast as parental wild-type (WT) 293 cells while dKO cells grew slower (33 h doubling-time of dKO vs. 24 h of WT; data not shown). Western blot analysis of these 293 derivatives treated with or without CDK8/19 inhibitor senexin B confirmed complete depletion of CDK8/19 proteins in single and double knockout and that CDK8/19 inhibition did not affect target protein expression ( Figure 1B ). In our previous study [15] , we demonstrated that TNFα-induced NFκB-mediated transcriptional activation of acute inflammatory chemokines requires CDK8/19 kinase activity for maximal induction. We also showed that shRNA knockdown of CDK8 and CDK19 together decreases the induction and diminishes the inhibitory effects of CDK8/19 inhibitors [15] . Here by analyzing knockout derivatives of 293 cells ( Figure 1C ), we found that knockout of CDK8 or CDK19 alone did not interfere with the induction of CXCL1 and IL8 chemokines by TNFα (the differences between the WT and the single knockouts were within the range of clonal variability) but the knockout of both CDK8 and CDK19 (dKO) decreased chemokine induction. Notably, the magnitude of the inhibitory effect of senexin B was very similar among WT, 8KO and 19KO cells but this effect of CDK8/19 inhibition was completely abolished in dKO cells, providing a solid confirmation of our previous hypothesis that both CDK8 and CDK19 potentiate NFκB.
Establishment and Validation of a NFκB Dependent Cell-Based Assay for CDK8/19
Inhibition qPCR analysis, as in Figure 1C , is a sensitive but a rather laborious and expensive assay. To establish a more convenient cell-based assay for CDK8/19 inhibitors, we transduced the WT and dKO cells with a lentiviral construct that expresses firefly luciferase reporter gene from a consensus NFκB-dependent promoter that couples four repeats of a canonical NFκB-binding sequence with a minimal promoter ( Figure 2A ). The pooled population and four single-cell clones of construct-transduced WT cells, as well as the pooled population and two clones of dKO cells, were tested for TNFα-induced reporter activity and responses to CDK8/19 inhibition by CDK8/19 inhibitor senexin B [8] . In the WT cells 10 ng/mL of TNFα robustly induced luciferase expression and, to a lesser extent, in dKO cells but 1 µM senexin B inhibited this induction only in the WT but not in dKO cells ( Figure 2B ,C). The IC 50 values for the inhibition of TNFα-induced luciferase expression by senexin B differed <two-fold among different WT clones ( Figure 2C) , with up to~70-80% inhibition by 1 µM senexin B in all the clones ( Figure 2B ). This result indicates that CDK8/19-mediated potentiation of NFκB was not limited to specific genomic loci. We picked the clones with the highest levels of TNFα-induced reporter activity (293-WT-NFKB-LUC#8 and 293-dKO-NFKB-LUC#2) for our subsequent NFκB dependent cell-based assays. 
Effects of Inhibitors of Other CDKs in the NFκB-Dependent Cell-Based Assay
We further tested several inhibitors of other CDKs in the same assay. Flavopiridol (Alvociclib) is a potent inhibitor of multiple CDKs with preferential activity against CDK9, CDK4 and CDK7 [22] . Dinaciclib selectively inhibits cyclin dependent kinases CDK1, CDK2, CDK5 and CDK9 [23] . THZ1 inhibits CDK7, CDK12 and CDK13 [24] and palbociclib selectively inhibits CDK4 and CDK6 [25] . Flavopiridol, dinaciclib and THZ1 all completely inhibited NFκB-dependent promoter activation with indistinguishable IC50 values in WT and dKO cells, without the plateau typical for CDK8/19 inhibitors. In contrast, Palbociclib showed only weak inhibitory effects at high concentrations (>1 μM), in both WT and dKO cells ( Figure 3 ). Figure 2D shows the effects of another, more potent CDK8/19 inhibitor, dCA (didehydro-Cortistatin A), an equipotent analog of cortistatin A [20] on TNFα-induced luciferase activity in these reporter cell lines. dCA had no effect on reporter induction in dKO cells but suppressed such induction in the WT reporter with IC 50 of 1.3 nM (as compared to 114 nM for senexin B in the same cells). Maximal inhibition of the reporter induction by dCA reached a plateau at~80%, similar to the maximal effect of senexin B. We also tested the effects of two widely used NFκB inhibitors, TPCK (tosyl-L-phenylalanyl-chloromethane ketone) that affects NFκB at concentrations >10 µM by inhibiting IKK [21] ( Figure 2D ) and proteasome inhibitor bortezomib active in sub-micromolar range ( Figure 2E ). Both TPCK and bortezomib inhibited the reporter activity in both WT and dKO with similar IC 50 values, with the highest concentrations of TPCK achieving complete suppression of NFκB.
We further tested several inhibitors of other CDKs in the same assay. Flavopiridol (Alvociclib) is a potent inhibitor of multiple CDKs with preferential activity against CDK9, CDK4 and CDK7 [22] . Dinaciclib selectively inhibits cyclin dependent kinases CDK1, CDK2, CDK5 and CDK9 [23] . THZ1 inhibits CDK7, CDK12 and CDK13 [24] and palbociclib selectively inhibits CDK4 and CDK6 [25] . Flavopiridol, dinaciclib and THZ1 all completely inhibited NFκB-dependent promoter activation with indistinguishable IC 50 values in WT and dKO cells, without the plateau typical for CDK8/19 inhibitors. In contrast, Palbociclib showed only weak inhibitory effects at high concentrations (>1 µM), in both WT and dKO cells (Figure 3) . 
Analysis of a Series of Thienopyridine-Derivatives with Bone Anabolic Activity
A recent publication reported that a thienopyridine derivative (15w) is a selective CDK8/19 inhibitor that (along with senexin B) promotes osteoblast mineralization and bone regeneration [17] . 15w is one of a series of compounds that were originally discovered and optimized for in vitro bone anabolic activity using an alkaline phosphatase (ALPase) activity assay in a mouse bone marrow stromal cell line ST2 [16] . To test if the activity of other compounds in the ALPase assay was associated with CDK8/19 inhibition, six thienopyridines with different ALPase-enhancing activities (15k, 15n, 15q, 15u, 15v and 15w) were synthesized and evaluated for CDK8/19 inhibitory activity in the NFκB-dependent cell-based assay ( Figure 4A ). All the thienopyridines exhibited strong inhibitory activities in the 293-WT-NFκB-Luc cell-based assay with IC50 values ranging from 4.1 nM to 50.6 nM and plateau inhibition of ~80% ( Figure 4B) . Interestingly, the IC50 values measured in this assay were very highly correlated with the values of EC200 (the concentration enhancing ALPase activity to 200% of the control) in the ALPase assay measured by Saito et al. [16] (R 2 = 0.98), providing a strong indication that the in vitro bone anabolic activity is most likely mediated through CDK8/19 inhibition, in agreement with Amirhosseini et al. [17] . In addition, the inhibitory activities of 15k, 15u and 15w were also tested in 293-dKO-NFκB-Luc cells and none of them showed any activity in these cells ( Figure 4C ), demonstrating that NFκB inhibition by these compounds was mediated through CDK8/19. 
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Discussion
The fact that there are no known phenotypes affected exclusively by CDK8/19 presents a daunting problem for the development of cell-based assays for CDK8/19 inhibition. The approach described in this paper solved this problem by conducting phenotypic assays in both wild-type cells and in cells with the knockout of both CDK8 and CDK19. While implemented here for the NFκB-driven reporter system, this analysis should also be applicable to any other functional assays for CDK8/19. We note that using the dKO of both CDK8 and CDK19 was critical to this assay, as the knockouts of CDK8 or CDK19 had little effect on the response to the inhibitors, indicating that the two paralogs of the Mediator kinase could fully substitute for each other, at least in the case of NFκB.
The NFκB-driven luciferase reporter system described here provided a fast, inexpensive, robust and reproducible tool. Perhaps the best demonstration of the reliability of this assay appears in Figure 4C , where the IC50 values measured for six thienopyridine derivatives showed a near-perfect correlation with EC200 values that were determined by another group, in an entirely different assay, using different batches of the compounds. The results obtained in this analysis demonstrated CDK8/19-inhibitory activity for all six thienopyridines, most of which have not been previously tested for this activity, and it confirms the report that the bone anabolic activity is mediated by 
The NFκB-driven luciferase reporter system described here provided a fast, inexpensive, robust and reproducible tool. Perhaps the best demonstration of the reliability of this assay appears in Figure 4C , where the IC 50 values measured for six thienopyridine derivatives showed a near-perfect correlation with EC200 values that were determined by another group, in an entirely different assay, using different batches of the compounds. The results obtained in this analysis demonstrated CDK8/19-inhibitory activity for all six thienopyridines, most of which have not been previously tested for this activity, and it confirms the report that the bone anabolic activity is mediated by CDK8/19 inhibition [17] . The latter paper identified several factors affected by CDK8/19 inhibitors in bone marrow-derived cells and, remarkably, NFκB was one of these factors [17] .
Comparison of the effects of CDK8/19 inhibitors with the inhibitors of other CDKs in the NFκB reporter assay demonstrated clear differences between the inhibitors of different CDKs. Two pleiotropic CDK inhibitors, flavopiridol and dinaciclib, and THZ1, a relatively specific inhibitor of CDK7/CDK12/CDK13, strongly inhibited NFκB activity in a CDK8/19-independent manner; whereas, CDK4/6 inhibitor palbociclib did not. Both flavopiridol [26] and dinaciclib [27] were previously shown to inhibit NFκB; in both cases, this effect was associated with decreased phosphorylation of IκBα, leading to decreased nuclear translocation of NFκB. It is unknown which CDK targets, if any, mediate the NFκB-inhibitory effects of these compounds, but one of their common targets, CDK9, was shown to interact with both p50 and p65 subunits of NFκB [28] . In the case of THZ1, one of its targets, CDK7, was shown to regulate NFκB by promoting its nuclear translocation [29] . Another THZ1 target, CDK12, was implicated in NFκB activation [30] but this effect was linked to the non-canonical NFκB activation pathway, which is not analyzed in our assay. Hence, CDK9 and CDK7 are likely to mediate the effects of other CDK inhibitors with NFκB-inhibitory activity. In contrast, inhibition of CDK4/6 and cyclin D was reported to have a complex effect on NFκB activity, at first stimulating NFκB nuclear translocation and then inhibiting NFκB activity [31, 32] . However, the effects on the nuclear translocation of NFκB were not observed until 8-12 hrs of treatment [32] , and it is not surprising therefore that the CDK4/6 inhibitor showed little effect on NFκB in our 3 h assay.
While CDK9 and CDK7 activate NFκB by promoting its nuclear translocation or binding to DNA, CDK8/19 act downstream of NFκB, via phosphorylation of the C-terminal domain of RNA polymerase II (Pol II) in the context of genes that have been newly activated by NFκB [15] . Remarkably, the inhibitors of other CDKs suppress TNFα-induced NFκB activity completely or nearly completely; whereas, all the tested CDK8/19 inhibitors inhibit it by no more than 80%, reaching a plateau at the highest concentrations. The same plateau was previously observed upon CDK8/19 inhibitor treatment in other NFκB reporter cell lines and in qPCR measurements of inhibitor effects [15] . The striking difference in the effects on NFκB activation between CDK8/19 inhibitors and the inhibitors of other CDKs illustrates the unique function of CDK8/19 as a gene context-specific downstream potentiator of NFκB and other transcription factors [15] .
It is important to note that while the lack of an effect of a CDK8/19 inhibitor in dKO cells assures that the specific phenotypic effect (such as NFκB activation) measured in WT cells is mediated by CDK8/19, it provides no indication if the inhibitor has any off-target activities that do not impact the measured phenotype. For example, while dCA shows perfect CDK8/19 selectivity in the NFκB assay ( Figure 2D ), dCA, like cortistatin A, was found by kinome profiling to inhibit not only CDK8 and CDK19 but also ROCK1 and ROCK2 [6, 33] , an activity that is likely to account for a strong effect of cortistatin A/dCA in suppressing normal endothelial cell proliferation [34] , a phenotype not shared by other CDK8/19 inhibitors [6] . Hence, kinome profiling and other off-target screening assays remain essential for the development of selective mediator kinase inhibitors. 
